Nanocrystalline materials have received much attention as advanced engineering materials with improved physical and mechanical properties. Attention has been directed to the application of nanomaterials as they possess high strength, high hardness and excellent ductility and toughness. A one-step synthesis and consolidation of nanostructured Mg 0.6 Al 0.8 Ti 1.6 O 5 was achieved by pulsed current activated heating using the stoichometric mixture of MgO, Al 2 O 3 and TiO 2 powders. Before sintering, the powder mixture was high-energy ball milled for 10 h. From the milled nanopowder mixture, a highly dense nanostructured Mg 0.6 Al 0.8 Ti 1.6 O 5 compound could be obtained within one minute under the simultaneous application of 80 MPa pressure and an pulsed current. The advantage of this process is that it allows an instant densification to the near theoretical density while sustaining the nanosized microstructure of raw powders. The sintering behavior, microstructure and mechanical properties of Mg 0.6 Al 0.8 Ti 1.6 O 5 were evaluated.
Introduction
Aluminium titanate materials exhibit several interesting properties, such as a low thermal expansion coeffcient, low thermal conductivity and a very high thermal shock resistance which can be used in many different applications. 1) However, the easy tendency to decompose (Al 2 TiO 5 ¼ Al 2 O 3 + TiO 2 ) presents a serious limitation to the widespread utilization of aluminium titanate based materials.
2) It has been reported that an appropriate amount of MgO could restrict the thermal decomposition of aluminum titanate. 3) Accordingly, Mg 0.6 Al 0.8 Ti 1.6 O 5 was synthesized from stoichometric mixture of MgO, Al 2 O 3 and TiO 2 powders and then sintered at 1350°C for 4 h using the conventional sintering method. 4) The grain size and relative density of the compound were 5 µm and 97%, respectively while numerous micro cracks were observed unfortunately which may be induced by the difference in thermal expansion coefficients. It is a common approach to reduce micro cracks by obtaining nanostructured materials. Nanocrystalline materials have received much attention as advanced engineering materials with improved physical and mechanical properties. 5, 6) Attention has been directed to the application of nanomaterials as they possess high strength, high hardness and excellent ductility and toughness. 7, 8) Recently, nanocrystalline powders have been prepared using various thermochemical and thermomechanical processes such as the spray conversion process (SCP), co-precipitation and high-energy milling.
911) The sintering temperature of high energy mechanically milled powder is lower than that of unmilled powder due to the increased reactivity, internal and surface energies and surface area of the milled powder, which contribute to its so-called mechanical activation.
1214)
However, the grain sizes of the sintered materials are usually much larger than those of raw powders due to the fast grain growth during the conventional sintering processes. Therefore, even though the initial particle size is less than 100 nm, the grain size increases rapidly to few µm or greater during the conventional sintering. 15) As a result, controlling the grain growth during sintering became one of the keys to the commercial success of nanostructured materials. Pulsed current activated sintering (PCAS), which can produce dense materials within two minutes, has been shown to be effective for achieving this goal. 16, 17) In this study, a novel approach for the simultaneous synthesis and consolidation of the Mg 0.6 Al 0.8 Ti 1.6 O 5 compound was attempted using the PCAS method. The goal of this research was thus to examine whether a dense nanostructured Mg 0.6 Al 0.8 Ti 1.6 O 5 compound could be realized by a one-step process. To evaluate the proposed process, the mechanical properties and microstructure of the Mg 0.6 Al 0.8 -Ti 1.6 O 5 compound were also examined.
Experimental Procedure
All raw powders were purchased from Alfa Inc. The average particles size and the purity of MgO, Al 2 O 3 and TiO 2 powders were <1 µm, <2.2 µm, <45 µm and 99, 99.99 and 99.8%, respectively. The raw powders (0.4Al 2 O 3 0.6MgO 1.6TiO 2 ) were first milled in a high-energy ball mill (Pulverisette-5 planetary mill) at 250 rpm for 10 h. Tungsten carbide balls (9 mm in diameter) were used in a sealed cylindrical stainless-steel vial under argon atmosphere with a ball-to-powder weight ratio of 30 : 1.
The powders were placed in a graphite die (outer diameter: 35 mm; inner diameter: 10 mm; height: 40 mm) and then introduced into the PCAS apparatus shown schematically in Refs. 16, 17) . The PCAS apparatus includes a 30 kW power supply which provides a pulsed current (on time; 20 µs, off time; 10 µs) through the sample, and 50 kN uniaxial press. The system was first evacuated and a uniaxial pressure of 80 MPa was applied. A pulsed current was then activated and maintained until the densification rate became negligible, as indicated by the real-time output of the shrinkage of the sample. The shrinkage was measured by a linear gauge measuring the vertical displacement. Temperatures were measured by a pyrometer focused on the surface of the graphite die. At the end of the process, the induced current was turned off and the sample was cooled to room temperature. The process was carried out under a vacuum of 5.33 Pa.
The relative density of the sintered sample was measured by the Archimedes method. Microstructural features were examined after polishing and etching thermally for 1 h at 1050°C. Compositional and microstructural analyses of the products were conducted by X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM) equipped with energy dispersive spectroscopy (EDS). Vickers hardness measurements were performed on polished sections of the Mg 0.6 Al 0.8 Ti 1.6 O 5 compound using a 5-kg load and a 15-s dwell time. The grain sizes of the powders and sintered product were calculated from the full width at half-maximum (FWHM) of the X-ray diffraction peak using Suryanarayana and Norton's formula. 18) In the formula, K is a constant (with a value of 0.9) and is wavelength of the X-ray radiation (with a value of 0.154056 nm). Figure 1 shows the XRD pattern of the 0.6MgO1.6TiO 2 0.4Al 2 O 3 powders after high-energy ball milling for 10 h. Only MgO, TiO 2 and Al 2 O 3 peaks were observed as marked on the Fig. 1 . Therefore, it is obvious that no chemical reaction occurred between the component powders during milling. Nevertheless, the peaks of the powders are significantly wide suggesting that their crystallize sizes became very fine by milling. The average grain sizes of the milled MgO, TiO 2 and Al 2 O 3 powders determined by Suryanarayana and Norton's formula were approximately 24, 51 and 22 nm, respectively. The FE-SEM image and EDS of 0.6MgO1.6TiO 2 0.4Al 2 O 3 powders after milling are shown in Fig. 2 . It shows that the mixture powders have round-shaped nanosize-grains with some agglomerations. In EDS, O, Al, Mg, Ti and Pt peaks were detected. It is considered that Pt comes from coating of powders to observe microstructure. The milling process is known to introduce impurities from the ball and/or container. However, in this study, peaks of W and Fe were not identified.
Results and Discussion
The shrinkage displacement-time (temperature) curve provides an important information on the consolidation behavior. Figure 3 shows the shrinkage record of the compact under the applied pressure of 80 MPa. There was a brief thermal expansion period as soon as the pulsed current was applied. After the initial expansion, the displacement rapidly increased at about 970 K. The amount of shrinkage displacement, which should be the indication of densification degree, increases with the temperature. The consolidation of 0.6MgO1.6TiO 2 0.4Al 2 O 3 mixture was enhanced by the prior high-energy milling. It may be because the milling increases the driving force for sintering and the contact points for diffusion by refining the particles size and mixing the component powders uniformly. A plot of B r cos ª versus sin ª of MgO, TiO 2 and Al 2 O 3 which was used to calculate the particle sizes from XRD 2 and MgO powders and sintered them at 1620 K for 4 h using the conventional sintering method. 4) The grain size and relative density of the compound were 5 µm and 97%, respectively. Besides, they observe numerous micro cracks after sintering. In comparison, in this study, the simultaneous synthesis and consolidation of Mg 0.6 Al 0.8 Ti 1.6 O 5 was possible at a lower temperature within one minute retaining nano-structured Mg 0.6 Al 0.8 Ti 1.6 O 5 . Most of all, micro cracks were not observed in our case. It is believed that the thermal stress for cracking could be relieved by more homogenous nanostructure. 
where c is the length of the crack measured from the center of the indentation, a is one-half of the average length of the two indent diagonals and H v is the hardness. Rapid Synthesis and Consolidation of a Nanostructured Mg 0.6 Al 0.8 Ti 
